We reconstruct the temporal evolution of the source distribution for the four major gas species H 2 O, CO 2 , CO, and O 2 on the surface of comet 67P/ChuryumovGerasimenko during its 2015 apparition. The analysis applies an inverse coma model and fits to data between August 6th 2014 and September 5th 2016 measured with the Double Focusing Mass Spectrometer (DFMS) of the Rosetta Orbiter Spectrometer for Ion and Neutral Analysis (ROSINA) and the COmet Pressure Sensor (COPS). The spatial distribution of gas sources with their temporal variation allows the evaluation of surface maps for gas emissions and the evaluation of integrated productions rates. For all species peak production rates and integrated productions rates per orbit are evaluated separately for the northern and the southern hemisphere. The nine most active emitting areas on the comet's surface are defined and their correlation to emissions for each of the species is discussed.
INTRODUCTION
Solar radiation triggers the activity of comets as they approach the inner solar system and start to release a mixture of different volatiles and solid dust grains. The Rosetta mission has studied the volatile and dust environment of comet 67P/ChuryumovGerasimenko (67P/C-G) with different instruments: ROSINA/VIRTIS/MIRO/GIADA/COSIMA/OSIRIS. Optical instruments probe the integrated intensity of dust and gas along the line of sight, while the mass spectrometers and pressure sensors measure the local composition and density in the coma at the momentary spacecraft position. All measurement data must be embedded in a global coma model for interpretation and reconstruction of the three-dimensional volume density.
Here, we analyze the species resolved evolution of the coma of 67P/C-G for ±350 days around perihelion. This corresponds to heliocentric distances in the range 3.5 − 1.24 au. Our model connects the individual gas-density observations with limited spatial/temporal resolution to the surface ac-E-mail: laeuter@zib.de tivity across the entire nucleus. The input data to the model is the combined ROSINA COPS and DFMS data set. The data processing is detailed in Sect. 2. By parameterizing the measured density in terms of 3996 surface emitters following Kramer et al. (2017) , we reconstruct the temporal evolution of the gas emission rate of the four major volatiles H2O, CO2, CO, and O2 (Sect. 3). In addition, our method determines the spatial distribution of the species on the surface and reveals different production rates and ice distributions on the northern and southern hemispheres (Sect. 4). The production rates are compared to the MIRO data presented by Marshall et al. (2017) , the RTOF data by Hoang et al. (2017) , and the COPS analysis by Hansen et al. (2016) . The localization of the most active emitting areas in Sect. 5 is in good agreement to Hoang et al. (2017) and Kramer et al. (2017) . This activity pattern shows a high correlation (0.7) to active gas emitters with short living dust locations derived from OSIRIS and NAVCAM images by Vincent et al. (2016) .
Sect. 6 provides a summary of our findings and describes possible contributions to first-principle modeling of cometary activity. 
PROCESSING AND INTERPOLATION OF DFMS DATA
The Rosetta Orbiter Spectrometer for Ion and Neutral Analysis (ROSINA) consisted of the two mass spectrometers DFMS (Double Focusing Mass Spectrometer) and RTOF (Reflectron-type Time Of Flight) and COPS, the COmet Pressure Sensor, see Balsiger et al. (2007) . ROSINA measured in situ the total gas density at the location of the Rosetta spacecraft whereas the two mass spectrometers obtain the relative abundances of the volatiles including the major parent species H2O, CO2, CO, and O2. Combining COPS with the mass spectrometers total abundances at Rosetta can be derived (for details see Gasc et al. (2017) ). Rosetta moved rather slowly with respect to the comet (typically < 1 m/s). However, the comet rotates once per ∼ 12 hours and the combination of the comet's shape and tilt in the rotation axis led to a complex variation of the measured abundances, both in relative and absolute numbers (see Fougere et al. (2016) ).
RECONSTRUCTION OF THE COMA FROM LOCAL MEASUREMENTS
The global reconstruction of the entire three-dimensional coma around 67P/C-G proceeds as a two-step process from Figure 2 . Production rates Qs(t) for the species s = H 2 O, CO 2 , CO, and O 2 over time and heliocentric distance, The boxes denote the minimum, linear and maximum estimates due to varying spacecraft surface coverage, see section 3.
the time-series of COPS and DFMS measurements along the trajectory of Rosetta. First we run a forward model to build a global coma model by assuming a completely homogeneous gas emission from 3996 equidistantly spaced and equally strong emitting sources distributed across the entire nucleus. In the second step we adjust the emission rates of the 3996 sources to obtain the best match with the actually measured COPS/DFMS data (inverse model). Systematic model uncertainties (insufficient observational sampling in space or/and time) are discussed below. For building the global coma model, we consider the simplified gas model already used in Kramer et al. (2017) . A collisionless gas is assumed at observational spacecraft distances from the nucleus because of the sparse coma of 67P/C-G compared to comet Halley, see Gombosi et al. (1986) . This forward model model provides an analytical expression for the gas density at every space point around the nucleus in terms of a superposition of all surface emitters. The lateral expansion of the gas column perpendicular to the surface normal is taken into account. The accurate incorporation of the nucleus shape and the possibility to assign multiple surface locations to a single gas measurement set our model apart from a simple nadir mapping of data points, where each spacecraft measurement is projected into nadir direction onto a single point on the surface of the nucleus. The total gas density at Rosetta's location is monitored by the COPS instrument throughout most of the mission with a time resolution of one minute (TCOPS denotes the set of time points). Our dataset includes 949381 COPS measurements. In addition to COPS, the DFMS instrument determines the relative abundances of H2O, CO2, CO, and O2 at a lower time-resolution (TDFMS denotes the set of time points). This dataset contains 32700 data points. These times are located between August 6th 2014 and September 5th 2016, (−372, 390) days from perihelion on August 13th 2015, with negative values denoting times before perihelion. A DFMS density is constructed by distributing the COPS density according to the relative abundances. Fig. 1(a) shows both data sets, Fig. 1(b) shows the sub-spacecraft latitude and 0
• -meridian crossings in the time interval (−330, −310) days. The periodic density variations (about eight maxima per comet's rotation ∼ 12 h) stem from the varying sub-spacecraft longitude of Rosetta during its orbit and reflect the local inhomogeneities in the coma due to the shape and activity of the nucleus. To increase the number of data points entering the DFMS coma model, we linearly interpolate the species resolved DFMS densities to the COPS times TCOPS. Spurious extrapolation artefacts are avoided by restricting the interpolation to a 4 h sized domain around each point in TDFMS, namely T 4h = {t ∈ TCOPS | t ∈ (t l , tr), |tr − t l | < 4h, t l , tr ∈ TDFMS}. The resulting densities interpolated from the nearest neighbor ones are denoted by
These are depicted in Fig. 1 (a) in the time interval (−330, −310) days. The assignment of species resolved densities to surface emission rates proceeds as described by Kramer et al. (2017) . The surface of the nucleus is is approximated by a triangular mesh with NE = 3996 elements. The original shape model SPC-ESA (2016) is remeshed using the ACDVQ tracing tool by Valette et al. (2008) and smoothed. We have validated the method by performing the model inversion for more and less detailed shape models. The surface reconstructions from higher-resolution models are slightly more scattered (see Kramer et al. (2017) for COPS data), but do not change the regional results discussed here. On every surface element a gas source for each species is placed. To follow the changing emission rates as the comet orbits the sun, we divide the complete time interval (−372, 390) days into NI = 58 subintervals.
As an example, Fig. 1(b) shows four subintervals, each enclosing extremal sub-spacecraft latitudes and five or more comet rotations. The complete determination of the model parameters requires to have more data points available (here: DFMS/COPS measurements) than unknown free parameters (here: the surface emission rate). Each subinterval Ij includes on average 8558 values from T 4h .
Within Ij and for every gas species s = H2O, CO2, CO, and O2 we assume that each surface element emits gas continuously with a fixed rate and velocity field. Therefore, the diurnal variations of the gas density and the velocity are not resolved and the fit recovers the diurnally averaged production rate of each emission source over a longer timeperiod (typically 14 Earth days). The surface emission rate for each species s on the surface element i = 1, ..., NE is given bẏ
for t ∈ Ij and j = 1, ..., NI with the outflow velocity us,0 and the source strength qs,i. The emission rates are expressed in units molecules/m 2 /s, or alternatively rescaled to kg/m 2 /s with the respective molecular mass. The ratio of the outflow velocity (along the surface normal) to the lateral velocity U0 determines the lateral spread of the gas column from each source and is also determined by a fit. A larger value U0 ≥ 4 exaggerates the density variations at Rosetta's sampling points, while a smaller value for U0 ≤ 2 diminishes the fluctuations. We fix U0 = 3, since this value leads to the best agreement of model and observations.
The transformation of the COPS/DFMS density data to flux quantitiesρs,i(t) requires to assign an outflow velocity us,0 to the density for each interval Ij. At distances r = 10−1000 km from the nucleus, Bockelée-Morvan & Cro- visier (1987) show that the radiative equilibrium conditions in the coma lead to velocities around 850 m/s. Lämmerzahl et al. (1988) measured 800 m/s at r = 1000 − 4000 km for comet Halley. DSMC computations by Tenishev et al. (2008) (Fig. 7) and Davidsson et al. (2010) (Figs. 2,4,5) yield water velocities 900 − 450 m/s at heliocentric distances r h = 1.3 − 3.5 au. For the choice of the water velocity we follow the approach of Hansen et al. (2016) (Tab. 1, Eq. 7, Fig. 4 ) and assume a function of heliocentric distance
yielding velocities between 820 m/s and 560 m/s. To facilitate comparisons with other models, we also consider a simplified model with a fixed water outflow velocity
If not stated otherwise, the results in this article are based on Eq. (2). The velocities of the other species are derived from the water velocity weighted by the square root of the molecular mass ratio with water
The final outcomes of the inverse model are the (diurnally averaged) surface emission rates for the four major volatiles H2O, CO2, CO, and O2, determined for each of the intervals. A typical, species-resolved density reconstruction within four intervals is shown in Fig. 1(c) .
The model performance depends on the DFMS/COPS data distribution in time and space. In each interval Ij the fit performance is quantified by the relative l2 error norm of the difference of predicted and measured densities at times T 4h ∩ Ij. All errors are in the range 0.04 − 0.46, with an average value 0.17. Possible error sources are temporal changes in surface activity or deviations from the collisionless gas model. The construction of the global emission map depends on the surface coverage of the nucleus by the spacecraft within each interval Ij. Even a limited coverage yields a subset of surface elements with known gas emission rates. We assign the source strength qs,i(Ij) for an uncovered element Ei either from a minimum, a linear, or a maximum estimate. Based on the neigboring values l = qs,i(Ij−1), r = qs,i(Ij+1), the minimum estimation sets qs,i(Ij) = 0, the linear estimation sets qs,i(Ij) to the average of l and r, and the maximum estimation sets qs,i(Ij) = max(l, r). The production rates in the article are based on the linear estimate, the uncertainty values are based on the minimum and maximum estimates. The minimum estimation provides a strict lower limit, while the maximum estimation provides only a heuristic upper limit since local maxima could be dismissed. Thus, the spacecraft coverage errors could lead to an underestimation of production rates. The productions rates along with the minimum and maximum estimates are shown in Fig. 2 .
GLOBAL GAS PRODUCTION
The spatially integrated production rates Qs(t) follow directly from the spatially and temporally resolved surface 7.4 ± 2.8 × 10 33 5.4 ± 2.1 × 10 8 4.6 6.3 ± 0.3 × 10 CO 2.7 ± 0.8 × 10 33 1.3 ± 0.4 × 10 8 1.6 1.4 ± 0.1 × 10 O 2 1.9 ± 0.6 × 10 33 9.9 ± 2.9 × 10 7 1.7 9.5 ± 0.5 Table 1 . Integrated production Ps from Eq. (4) for the species s, relative rates P s,S /P s,N between production rates resolved by north (N) and south (S) emission location, peak production rates max Qs.
ratesρs,i(t) by summing over all Ei shape elements
for the gas species s. The integrated productions Ps in space and time during the 2015 apparition are obtained by
Similar toρs,i(t), all production quantities depend on the velocities us,0, see Eqs. (2),(3).
For an outflow velocity depending on the heliocentric distance (Eq. (2)), Fig. 2 shows productions rates as a function of r h and of time for all species H2O, CO2, CO, and O2. Table 1 lists the integrated productions Ps and the peak productions max Qs. The alternative model with an overall constant outflow velocity Eq. (3) leads to similar integrated production rates. The peak gas production of 2.3 ± 0.1 × 10 28 molecules/s (730 ± 30 kg/s) is reached in the interval I = (17, 28) days after perihelion and is clearly dominated by H2O, whereas CO2 contributes with only one tenth of the water mass production. Compared to that, the model with constant velocity (Eq. (3)) results in a reduced peak production of 2.2 ± 0.1 × 10 28 molecules/s (690 ± 30 kg/s). For water, the peak production max QH 2 O is 2.1 ± 0.1 × 10 28 molecules/s and the integrated production PH 2 O for one orbit yields 5.1 ± 1.6 × 10 9 kg. Assuming the same outflow velocity (Eq. (2)), Hansen et al. (2016) derive from COPS data a peak water production of 3.5 ± 0.5 × 10 28 molecules/s 18 − 22 days after perihelion. One possible reason for the higher value given by Hansen et al. (2016) might be the different interval lengths used for averaging the data (four days compared to eleven days in our case). The integrated water production of 6.4×10 9 kg per orbit from Hansen et al. (2016) is in better agreement with our estimate. From the MIRO analysis Marshall et al. (2017) obtain a highest water emission of 1.42±0.51×10 28 molecules/s 16 days after perihelion. Their an integrated water production of 2.4 ± 1.1 × 10 9 kg for the apparition 2015 is almost half as much as our value. Another approach from Shinnaka et al. (2017) is to consider the hydrogen Lyman α emissions. 25 days after perihelion they obtain a water production rate of 1.46±0.47×10 28 molecules/s. The H2O productions based on MIRO and Lyman α data are no peak values and thus fit to our results as lower bounds.
The orbital losses allow us to constrain the dust-to-gas ratio of 67P/C-G. The total gas loss Pgas is considered to be the contributions from H2O, CO2, CO, and O2 and further 5% volatile and massive species like CS2, H2S, SO2, C2H6, see Le Roy et al. (2015) and Calmonte et al. (2016) . This yields Pgas = 1.05 · (PH 2 O + PCO 2 + PCO + PO 2 ) = 6.2 ± 2.0 × 10 9 kg and corresponds to 1/1600 of the total mass of M 67P/C−G = 9.9778 ± 0.004 × 10 12 kg from Godard et al. (2017) . Considering the mass for October 2014 in Godard et al. (2015) , their estimation for the total mass loss is P dust+gas = 9 ± 6 × 10 9 kg including a significant uncertainty. This uncertainty propagates to the dustto-gas ratio of the emitted material, which we estimate to be (P dust+gas − Pgas)/Pgas = 0.5
The sufficient temporal coverage of DFMS/COPS data allows us to integrate the production per orbit by summing all interval contributions, see Eq. (4). Another possibility sometimes used in the literature is to approximate the integral from the power law fit r h α . Fig. 3 shows that the production rate QH 2 O follows power laws with exponents r h −7 and r h −6.5 for the inbound and outbound orbits, respectively. The exponents given by Hansen et al. (2016) Although not as steep as for H2O, the O2 curves are fitted by exponents of −5.5 and −6. The inbound production of CO2 and CO is not well reproduced by a power law, since 150 days before perihelion and even earlier the production rate stagnates. Outbound, the CO2 production drops down with r h −4.5 , slower than for H2O. This difference leads to a crossover from a water dominated coma to a carbon dioxide dominated one at 2.75 au (250 days after perihelion). CO partially resembles the CO2 trend with a similar exponent r h −5.5 . Fig. 3 and Table 1 show production contributions separated for the Northern (N) and Southern (S) hemispheres. All species are released in higher quantities from the southern hemisphere compared to the northern one. This is caused by the stronger illumination of the southern latitudes during perihelion, with summer solstice occurring only 23 days after perihelion. The asymmetric mass production ratios Ps,S/Ps,N for H2O, CO, and O2 range between 1.6 : 1 to 2.1 : 1. In contrast to that, the S/N ratio for CO2 becomes 4.6 : 1. This indicates a predominant CO2 production from southern sources. In agreement with the southwards shifted integrated productions, the ratios Qs,S(t)/Qs,N(t) around perihelion are close to the S/N ratios in Table 1 for Ps. For CO, the S/N ratio remains elevated also on the outbound cometary orbit after perihelion and for CO2 at almost all times. For CO2, only the first interval is an exception, where the sub-spacecraft latitude leads to a poor southern coverage.
LOCALIZED SURFACE SOURCES
The inverse model allows one to trace back in situ DFMS/COPS measurements in the coma to localized emission rates of gas sources on the surface of 67P/C-G. It in- corporates the complex shape of the nucleus with two lobes, large concave areas, and additional valleys, cliffs, and plains.
The surface is shown from different viewing directions in Fig. 4 and colored by the surface emission rateρH 2 O,i temporally averaged over three intervals, respectively. The first interval A = (−330, −280) ends months before perihelion, the second interval B = (−50, 50) covers the time around perihelion, and the last interval C = (340, 390) begins months after perihelion. According to Fig. 3 the dominating hemisphere for the H2O emissions changes from north in interval A to south in interval B and back to north in interval C.
The integrated H2O production over the complete interval (−372, 390) amounts to 840 ± 300 kg/m 2 in the most active source regions and to 110 ± 30 kg/m 2 on average. Assuming a pure water ice surface with a density of 470 kg/m 3 , this corresponds to a maximum ice erosion of 1.8 m. The average ice erosion across the entire nucleus and orbit is then 0.23 m. With increasing dust-to-gas ratio the erosion height increases correspondingly.
To focus the discussion to regions of highest activity, Fig. 5 shows the most abundant volatile H2O around perihelion in the latitude/longitude Cheops-frame defined by Preusker et al. (2015) . Only those surface elements are depicted that contribute 50% of the total water loss during the time interval B. Based on this set nine oval activity areas are marked. Area 1 covers parts of the regions Apis and Khonsu, area 3 parts of the region Anuket, area 6 parts of the region Bastet, area 7 parts of the region Bes and Khepry, area 8 parts of the region Bes and area 9 parts of the region Ash (see Fig. 11 of El-Maarry et al. (2016) for the definition of regions). Our activity areas contain 23 out of 34 locations of short living outbursts around perihelion (small circles) reported by Vincent et al. (2016) . This remarkable correlation is even more pronounced and longer lasting (including months before and after perihelion) in the CO2 data discussed below.
The attached side panels tp Figs. 6 and 7 show the longitudinally averaged emission (zonal mean) and in addition indicate the range of sub-solar latitudes during the considered interval. Around perihelion and southern solstice (in interval B), all emission peaks are concentrated on the southern hemisphere close to the sub-solar latitude at that time.
Months before inbound equinox (in interval A), the peaks for H2O and O2 are also linked to the sub-solar latitude in the north. Months after outbound equinox (in interval C), H2O and O2 feature peaks near the northern sub-solar latitude but still have contributions from the southern hemisphere. In contrast to H2O and O2, the peaks for the volatiles CO2 and CO are decoupled from the sub-solar latitude in the intervals A and C. Substantial emissions originate from the southern hemisphere. The strongest CO2 sources remain localized on the southern hemisphere for all intervals independent to the corresponding sub-solar latitude.
Applying the inverse model approach, each data point observed at a spacecraft position x determines not only one source intensity on the nucleus into nadir direction but a complete source distribution to all surface elements visible from such position x, see Kramer et al. (2017). Figs. 6 and 7 show the overall surface emissions averaged within the time intervals A, B, and C for all species H2O, CO2, CO, and O2. For H2O this corresponds to the three-dimensional representation in Fig. 4 . The seasonally changing solar illumination leads to latitudinal shifts in the source distribution, but with different patterns for H2O, CO2, CO, and O2. Peak sources for H2O, CO2, and CO appear roughly at places in agreement to Hoang et al. (2017) who projected the RTOF density measurements to a 10 km surface. This agreement becomes even better when comparing the RTOF data for H2O with Fig. 4 in Kramer et al. (2017) , which shows our inverse model data on a 100 km surface. As suggested by VIRTIS-H observations in Bockelée-Morvan et al. (2016) , by modeling results in Fougere et al. (2016) and Hoang et al. (2017) , CO2, CO are decoupled from H2O at the time before inbound equinox. This matches our observation that at that time CO2 and CO are mainly located in the southern hemisphere, while H2O originates from the northern hemisphere.
Around perihelion (in interval B) the H2O emissions are not limited to the nine activity areas but occur to some extent around the entire nucleus. CO and O2 are predominantly active in all water areas, but CO2 coincides with water only for the southern areas 1-2, 4-8. On the northern hemisphere, the CO2 emission is almost absent from area 3, close to the Anuket fracture described in El-Maarry et al. (2015) , and area 9 in the Ash region.
During the inbound northern summer (in interval A) H2O and O2 activity is located along a northern belt including the areas 3, 6, and 9. This repeats in the outbound northern summer (in interval C) and is complemented by activity in southern areas 1, 4, and 6 for H2O and in 1-2, 4-5, 7-8 for O2. Thus, O2 source locations correlate to H2O source locations during all intervals A, B, and C. For the inbound northern summer (in interval A) CO2 and CO activity is widely spread over the whole surface, CO2 exhibits important contributions from the southern areas 1-2, 4-8, almost all activity areas (except area 8) show CO emissions. Comparing this pattern to H2O sources, CO sources seem to correlate to a linear combination of H2O and CO2 sources. At the same time despite the low emission from area 8, CO2 emissions in area 8 and surroundings in region Imhotep are still higher than the H2O emissions. This shows a good agreement to the area of high ratio ρCO 2 /ρH 2 O described in Hassig et al. (2015) . During outbound northern summer, when QH 2 O is almost vanished, the pattern of CO sources seem to correlate to CO2 sources only. Both source patterns focus to the southern areas 1-2, 4-8.
The CO2 sources are pinned to the south throughout the whole Rosetta mission at the marked active areas: for all intervals A, B, and C the southern CO2 sources (areas 1-2, 4-8) remain active. This shows the consistent retrieval and assignment of CO2 sources for the intervals A and C, long before and after perihelion, respectively. Because these surface locations are reconstructed from completely disjunct data sets and widely varying spacecraft trajectories, this validates our inverse model approach. Furthermore, the location of CO2 sources on the southern hemisphere is in agreement with the COPS data analysis for the month May 2016 performed in Kramer et al. (2017) .
DISCUSSION
In this manuscript, we have presented emission rates for the gas species H2O, CO2, CO, and O2 spatially resolved on the surface of 67P/C-G and temporally resolved in the time between August 6th 2014 and September 5th 2016. The reconstruction was based on the inverse gas model in Kramer et al. (2017) and in situ DFMS/COPS measurements in the coma. Based on the velocity assumption in Hansen et al. (2016) for each of the species, peak production rates (integrated over space) and integrated (over space and time) productions rates are evaluated. The summation over all gas species yields a peak production rate 2.3±0.1×10 28 molecules/s, an integrated production rate 5.8±1.8×10
9 kg, and a maximum (averaged) water ice erosion of 1.8 m (0.23 m). Incorporating the total mass loss, for the dust-to-gas ratio this yields 0.5
Nine activity areas are defined by H2O emissions around perihelion and those correlate well with short living outbursts reported by Vincent et al. (2016) . Examinating these areas before, around and after perihelion, the source locations of the species H2O and O2 follow the sub-solar latitude and correlate to each other. In contrast to that, CO2 sources are mainly located in southern areas throughout the whole mission. CO correlates to a linear combination of H2O and CO2 months before inbound equinox, months after outbound equinox it correlates to CO2 only.
By comparing optical observations with dust-coma models (Kramer & Noack (2015) ; Kramer et al. (2018) ) it is known that the dust coma is best explained by a uniform activity across the entire sunlit nucleus, which points to a rather homogeneous surface composition. As shown here, the largest temporal disturbances of the dust coma (short-lived outbursts) are linked to elevated CO2 emitting areas during the whole orbit.
The surface localization of emissions for different gas species, also described by A' Hearn et al. (2011) for comet Hartley 2, is a first step to connect observational data to the reconstruction with first-principle modeling of cometary activity such as suggested by Keller et al. (2015) . The fast drop of the water production rates with increasing heliocentric distance rules out the simplest sublimation models from Keller et al. (2015) taking a uniformly covered icy body with QH 2 O ∼ r h −2.8 in model A. One way to accommodate higher exponents in the power law is to consider a time-varying dust-cover on the surface, leading to a transition from Keller model A to models with larger dust cover. In addition, the peak water production of ∼ 3200 kg/s in model A (a completely water ice covered surface) is about five times as high as our peak production. A detailed comparison with first principle thermal and compositional models of the surface is planned for future work.
